Ecologists are increasingly investigating the effects of resource pulses in natural systems (1) . Examples of resource pulses include mast years of unusually heavy seed production (2-4), eruptive plant growth after El NiDo rainfalls (5) (6) (7) (8) , postspawning salmon mortality in riparian communities (9, 10) , and large-scale insect outbreaks (3, (11) (12) (13) . Despite great variation in the specific characteristics of these resource pulses, each represents a brief, infrequent event of high resource availability. Resource pulses are of broad interest because they provide extreme examples of the spatiotemporal variability inherent in all ecosystems. Recent theoretical efforts have suggested that many communities may be strongly influenced by transient dynamics after ecological perturbations (14, 15) , and empirical studies in diverse systems have demonstrated that resource pulses are often substantial perturbations with strong effects on consumer populations, especially among opportunistic generalist species (1) .
Resource pulses have well-documented effects on aboveground consumers, and they may also provide important inputs to belowground systems (1, 16) . In many pulsed systems, only a small proportion of resource biomass is consumed aboveground (17) (18) (19) , and aboveground predator satiation during resource pulses could allow large belowground inputs. Many belowground organisms are well-adapted to take advantage of resource pulses because of their high intrinsic rates of growth and rapid foraging responses (20, 21) . Studies in natural systems support the idea that aboveground resource pulses may contribute to belowground systems. For example, mast events in boreal forests produce large inputs of rapidly decomposed spruce seeds that increase soil nitrogen availability (22) , and large-scale gypsy moth outbreaks in temperate forests influence nutrient cycling through defoliation and frass deposition (11) .
The role of arthropods in regulating plant inputs and facilitating decomposition is widely acknowledged (21) , although most ecologists have assumed that arthropod bodies are an unimportant ecosystem biomass component (23) . However, the unusual life history of periodical cicadas suggests that they may be a substantial, temporally stored resource pulse. Periodical cicadas are the most abundant herbivores in North American deciduous forests in both number and biomass (24) , but their role in forest ecosystems is largely unrecognized because of their long belowground life history. Adult periodical cicadas emerge synchronously across large geographic areas, or Bbroods,[ often on a scale of 10 5 km 2 . The spatial distribution of cicadas is highly variable and dynamic on small scales (G1 km) and is influenced by fragmentation in forest habitats (17, (23) (24) (25) (26) ). Yet, cicadas are broadly distributed across a large and diverse area, with a cumulative range encompassing much of the eastern United States (fig. S1 ). Adult cicadas are aboveground for less than 6 weeks (26) . Cicada emergence densities ranging from 3 to 350 cicadas m j2 are well documented (26) , and most cicadas escape predation at high densities (17, 18) . Direct measures of cicada densities in 2002 and 2004 support previously reported density estimates (27) . In dense populations, the cumulative biomass of periodical cicadas is among the greatest of any terrestrial animal (24) and represents a substantial flux of high-quality biomass (23, 28, 29) . Little is known about the belowground effects of this resource pulse.
Here, I investigate the direct belowground and indirect aboveground effects of cicada litter inputs resulting from cicada resource pulses. I conducted field experiments during three con- secutive emergence years to examine the effects of cicada carcass deposition on soil microbial biomass, nitrogen availability, and the growth and reproduction of forest plants (27) . The role of soil microbes in mobilizing organic detritus in plant-available forms is well established (30) , and many soil communities respond to detrital carbon inputs with rapid increases of bacterial and fungal biomass. To assess the phenology and magnitude of belowground cicada litterfall effects on microbial biomass, I conducted field experiments in which dead cicada carcasses were applied to replicate forest plots to simulate natural cicada litterfall densities. Differences in the abundance of microbial phospholipid fatty acids (PLFAs) between control (0 cicadas m j2 ) and treatment (120 cicadas m j2 ) plots were undetectable 7 days after the pulsed input (Fig. 1) . However, 28 days after the cicada resource pulse, the abundance of bacterial PLFAs was 12% greater in cicada litterfall plots relative to control plots ( Fig. 1A , P 0 0.0383), suggesting an increase in bacterial biomass. The abundance of fungal PLFAs in treatment plots increased by 28% (Fig. 1B , P 0 0.0036), indicating an increase in fungal biomass. There was little change in the microbial community composition: The fungal-to-bacterial ratio increased insignificantly in cicadasupplemented plots compared with that in control plots (P 0 0.0918) after 28 days. In contrast, the total abundance of microbial PLFAs was 12% greater in cicada-supplemented plots (P 0 0.0280). These results are consistent with expectations of broad, rapid microbial growth after a short lag in response to cicada litterfall.
Across the distribution of periodical cicadas, primary productivity is generally believed to be nitrogen limited (31) , and mineralized soil nitrogen is the primary nitrogen pool for plant uptake in temperate forest systems (30) . Pulsed inputs of nitrogenrich detritus could be expected to cause an ephemeral acceleration of nitrogen mineralization (16) , and cicada carcasses are relatively high-nitrogen inputs EN content 0 10.4% (27)^. To assess the effect of cicada litterfall on plant-available soil nitrogen, I conducted field experiments in which cicada carcasses were applied at a range of naturally occurring densities to replicate forest plots during two consecutive cicada emergence years in distant locations. In 2002, cicada supplementation was positively correlated with indices of cumulative soil ammonium Eadjusted R 2 (R 2 adj ) 0 0.21, P 0 0.006^and nitrate (R 2 adj 0 0.11, P 0 0.037) availability during the 100-day experiment ( fig. S2 ). Mean indices of soil ammonium availability were 412% greater in maximally supplemented cicada plots (300 cicada m j2 ) compared with those of controls, and indices of soil nitrate were 199% greater in the same comparison. In 2003, I conducted a second, larger experiment to assess the relationship between cicada litterfall and mineralized soil nitrogen, the phenology of this relationship, and the generality of previous results. The density of cicada supplementation was again positively correlated with indices of mineralized ammonium ( Fig. 2A, R 2 adj 0 0.25, P G 0.0001) and nitrate (Fig. 2C , R 2 adj 0 0.06, P 0 0.027) availability throughout the first 30 days of the experiment. Mean soil ammonium availability increased 306% in maximally supplemented plots (240 cicadas m j2 ) relative to that of controls ( Fig. 2A) , and mean nitrate availability increased by 249% relative to that of controls (Fig. 2C) . A significant interaction effect of cicada litterfall density and sampling period on ammonium availability (P 0 0.007) suggests that this response was strongly pulsed in time, with larger effects during the first 30 days and no residual effect during the subsequent 70 days of this experiment ( Fig. 2B, P 0 0.522) . Conversely, the effect of cicada litterfall on soil nitrate availability was more persistent, showing a positive correlation with cicada litterfall density during the first 30 days, which continued during days 31 to 100 (Fig. 2D , R 2 adj 0 0.06, P 0 0.029). These results are consistent with expectations of net mineralization from the decomposition of a nitrogenrich detritus pulse. Although immobilization, plant uptake, and other losses may reduce nitrogen availability over time, these findings suggest that some effects may be long-lasting.
A third field experiment investigated the effects of belowground enrichment from cica- . This herbaceous annual/biennial forest understory species is native throughout much of the geographic range of periodical cicadas, and previous studies with this species have suggested that the maternal nutrient environment can contribute to larger seed size (32) , which influences germination (33) and seedling performance (34) . Pulses of cicada litterfall provide a natural context to interpret plant responses to temporally variable nutrient conditions. This experiment tested the prediction that cicada litterfall increases foliage nitrogen content and seed size in American bellflowers. In this experiment, cicada-supplemented bellflowers (140 cicadas m j2 ) from a natural field population produced foliage with 12% greater nitrogen content relative to controls ( (27) . The increased d 15 N in cicada-supplemented plants suggests a mechanistic link between a cicada-derived nitrogen source and increased plant nitrogen assimilation. These experimental plants also produced seeds that were 9% larger than those of controls ( Fig. 3C, P 0 0.028) . These results suggest that the belowground effects of cicada pulses can be rapidly used in plant growth and reproduction during the emergence year and may influence aboveground plant processes. These plant responses indicate reciprocal links between aboveground and belowground communities: indirect aboveground enrichment from the belowground decomposition of an aboveground resource pulse that resulted from the life history of a belowground root-feeding herbivore.
Taken together, these results show that cicada litterfall during emergence years can cause substantial pulsed enrichment of North American forest soils, with direct effects on belowground systems and indirect effects aboveground. These observations suggest that cicada resource pulses could influence forest dynamics over a landscape scale, and the patchiness of cicada distributions may contribute to spatial and temporal heterogeneity in these resource pulse effects. The costs of cicada herbivory and oviposition in plants are well documented, but these findings also suggest the potential for positive and partially compensatory effects on primary productivity due to pulsed fertilization. Indeed, the heretofore puzzling observation of greater wood accumulation in years following cicada emergence (35) may be related to this belowground resource pulse.
Although these belowground and aboveground consequences result from the unusual life history of a single insect genus, these findings may also illustrate a more general consequence of resource pulses for belowground systems. This study suggests a mechanism by which resource pulses may link aboveground and belowground components of other ecosystems. These findings contribute to an emerging body of theory and observations suggesting that rare perturbations may have large and lasting effects in diverse ecological systems. K clusters derived from gravitational lensing and x-ray data sometimes differ by up to a factor of 2 (17, 18) , providing a further indication that our picture of these largest cosmological objects is not complete. Therefore, care should be taken before using the x-ray emission from the dark matter-dominated galaxy clusters to derive cosmological distances (19) . The astrophysical observations discussed here indicate that axions and neutralinos may have been abundantly produced in the early universe and/or inside stars. These two types of particles remain the favorite candidates for dark matter and other celestial phenomena. As ever more sensitive detectors are built, more definitive evidence for or against neutralinos and axions should become available. Existence of one does not preclude existence of the other: The dark matter in the universe may contain both of these particles, as well as many other, as yet unforeseen ones.
T
he Bob Dylan song "Day of the Locusts" refers to the cacophony from the 1970 emergence of 17-year cicadas (Magicicada spp.), which happened to coincide with his acceptance of an honorary degree from Princeton University. These cicadas, which dutifully reappeared aboveground in 1987 and then again this year, are a quintessential case of a resource pulse-a transient, multiannual episode of resource superabundance. On page 1565 of this issue, Yang (1) describes the ramifying impacts that massive pulses of cicada carcasses have on forest soils, microbial biomass, nitrogen availability, and reproductive success of understory plants.
Resource pulses typically are associated with reproductive events in plants, such as synchronized heavy seed production (mast-seeding) within populations of oaks or bamboos, and even more spectacularly, across dozens of genera of paleotropical dipterocarp trees (2) . Plant populations that synchronize seed production achieve high reproductive success because seed predators can only consume a fraction of the hyperabundant resource ("predator satiation") (3), and most of the escapees germinate. Similarly, so many periodical cicadas are involved in the dissonant mating swarms that their predators-principally birds-can consume no more than 15% of the peak numbers (4). The remainder die after reproducing and drop to the forest floor.
Although much is known about the evolutionary causes of synchronized reproductive events, only recently have ecologists begun to analyze the consequences of resource pulses for ecosystems (5) . The predominant type of resource pulse-mast seeding-occurs in grasses, annual forbs, shrubs, and trees, across at least four continents and from deserts to tropical rain forests. Generalist consumers-often rodents-are the most immediate beneficiary of this superabundant resource, and they respond with population outbreaks of their own. These rodent irruptions, in turn, result in severe impacts on their alternate prey, such as songbird eggs (6 and mammalian predators (7), and their parasites and pathogens (5, 8) . In these cases, the pulsed resource is quickly converted into consumer biomass, and the direct and indirect consequences for ecosystems follow this consumer pathway.
The research by Yang demonstrates a new pathway by which resource pulses can affect ecosystems-through the action of decomposers (1) . Unlike seeds, which germinate following escape from predation, periodical cicadas die and rot. These insects are a high-quality fertilizer indeed (about 10% nitrogen), delivered at a rate of up to 0.5 kg m −2 . Within a month of a simulated cicada irruption, biomass of both fungal and bacterial decomposers in the soil increased dramatically, and this in turn resulted in a tripling of soil ammonium, and a more-than-doubling of soil nitrate concentration. As with other fertilizers, the cicada-induced flush of soil nutrients ultimately boosted nitrogen concentration and seed mass in the American bellflower (Campanulastrum americanum), an understory plant.
Periodical cicada nymphs spend 16-plus years attached to tree roots sucking on xylem (9), resulting in a persistent, longterm deflection of soil-derived nitrogen from leaves into insect biomass. Upon emergence, the cicadas then transport this stolen nitrogen aboveground. From there, a little ends up in avian or mammalian consumer tissue, and another fraction goes to cicada egg production, but most becomes fertilizer, first for soil microbes and then for understory plants like bellflowers. Because the nitrogen-enriched bellflower tissues die and decompose themselves, the trees would seem to be the ultimate recipients of the prodigal nitrogen's return underground (see the figure) .
Analyzing radial tree-ring growth of oaks within the geographic ranges of 13-year and 17-year cicadas, Koenig and Liebhold (10) found a ~4% decrease in tree growth during the year of emergence, which they attributed to the damage caused by oviposition wounds in twigs. However, some of Koenig and Liebhold's analyses also demonstrated a ~1% increase in tree radial growth during the first 4 years after emergence, for which they had no explanation. The fertilization effect of cicada carcasses reported by Yang might account for this apparently compensatory stimulation of growth after emergence.
Spectacular resource pulses like the emergence of periodical cicadas constitute one of the more obvious demonstrations that ecological systems rarely exist in equilibrial states, but instead are in constant flux. By tracing the responses of populations or entire trophic levels to resource pulses, ecologists can assess the extent to which resources versus consumers control abundance or biomass-in other words, whether control is bottom-up or top-down. They can also determine the strength and nature of interconnections between species or trophic levels. A trophic cascade occurs when top-down effects permeate through three or more trophic levels (11), and we suggest that the cicada-decomposer-plant system, which represents the penetrance of bottom-up effects through three trophic levels, be considered a "trophic fountain." The bottom-up metaphor, of course, refers to the effects of lower trophic levels on higher ones. In a more physical sense of the metaphor, Yang's work demonstrates how organisms and materials flow inexorably from bottom to top and back again.
